Although the management of chronic heart failure (CHF) has made enormous progress over the past decades, CHF is still a tremendous medical and societal burden. Metabolic remodeling might play a crucial role in the pathophysiology of CHF. The characteristics and mechanisms of metabolic remodeling remained unclear, and the main hypothesis might include the changes in the availability of metabolic substrate and the decline of metabolic capability. In the early phases of the disease, metabolism shifts toward carbohydrate utilization from fatty acids (FAs) oxidation. Along with the progress of the disease, the increasing level of the hyperadrenergic state and insulin resistance cause the changes that shift back to a greater FA uptake and oxidation. In addition, a growing body of experimental and clinical evidence suggests that the improvement in the metabolic capability is likely to be more significant than the selection of the substrate.
Introduction
Chronic heart failure (CHF) is a complex clinical syndrome resulted from any structural or functional cardiac disorder that impairs the systolic and/or diastolic ability of the ventricle. Approximately 1%-2% of the adult population in developed countries suffer from CHF, with the prevalence rising to ≥10% among persons 70 years of age or older (McMurray et al., 2012) . CHF is a tremendous medical and societal burden. For the USA alone, the total annual cost of treatment for CHF is approximately USD28 billion. The number will continue to increase considering an aging population and the improved treatment of CHF (Neubauer, 2007) .
The past decades have witnessed considerable progress in the treatment of CHF. The angiotensinconverting-enzyme inhibitors (ACEIs) (Hunt et al., 2009; McMurray et al., 2012) , β receptor blockers (Hunt et al., 2009; McMurray et al., 2012) , aldosterone antagonists (Pitt et al., 2003; Zannad et al., 2011) , and resynchronization therapy (RCT) (Cleland et al., 2005) have been wildly used in clinical applications and achieve remarkable outcomes. Nonetheless, CHF is still associated with an annual mortality rate of 10% (Neubauer, 2007) . Further exploration of the mechanisms of CHF and its corresponding interference is still one of the primary tasks in cardiology. A growing body of evidence suggests that metabolic remodeling might play a crucial role in the pathophysiology of CHF.
Mechanism of chronic heart failure (CHF)

Neurohormone and ventricular remodeling
The classical mechanism of CHF includes neurohormone and ventricular remodeling. The portfolio of neurohormonal mechanisms that have been described thus far includes activation of the adrenergic nervous system and the renin-angiotensin system (RAS), which are responsible for maintaining cardiac output through increased retention of salt and water, peripheral arterial vasoconstriction, and increased contractility, and activation of the inflammatory mediators. The overexpression of the portfolios of biologically active molecules contributes to the disease's progression by virtue of the deleterious effects exerted on the heart and circulation. Ventricular remodeling is a significant pathophysiology in CHF, which consists of three levels: (1) organic remodeling (Kemp and Conte, 2012 ) that means the changes in the left ventricular (LV) mass, volume, shape, and composition of the heart; (2) cellular remodeling (Opie et al., 2006; Kehat and Molkentin, 2010 ) that means myocyte hypertrophy, alteration in the contractile properties of the myocyte, progressive necrosis, apoptosis, and autophagic cell death; (3) subcellular remodeling (Shah and Mann, 2011) that means the varying degrees of changes in biochemical compositions and molecular structures of various subcellular organelles, such as extracellular matrix, sarcolemma, sarcoplasmic reticulum, myofibrils, mitochondria, energetic metabolism, and nucleus (Dhalla et al., 2009 ). Decherd and Visscher (1934) proposed the concept of energy-starvation, which stated that varying degrees of decrease in the creatinine (Cr), adenosine triphosphate (ATP), and phosphocreatine (PCr) exist in failing myocardium. The hypothesis was put forward in late years by some recent studies (VenturaClapier et al., 2004; Neubauer, 2007; Doenst and Abel, 2011; Azevedo et al., 2013) .
Metabolic remodeling
Recently, some novel pharmaceuticals, e.g., ghrelin (Ledderose et al., 2011) and allopurinol (Hirsch et al., 2012; Opie, 2012) have been used to treat CHF by improving the metabolism of myocardia. The most significant changes among metabolic remodeling are the availability of metabolic substrate and the decline of metabolic capability.
Availability of metabolic substrate
Energy metabolism in the normal heart
In the normal heart, this requirement of energy metabolism is met by the daily synthesis of approximately 30 kg of ATP (Ashrafian and Frenneaux, 2007; Murray et al., 2007) . Exogenous substrates, such as fatty acids (FAs), glucose, pyruvate, lactate, and ketone bodies, generate energy through oxidative phosphorylation. The utilization of various substrates was influenced by the concentration of substrates , the supply of oxygen (Sabbah et al., 2000; Giordano, 2005) , the workload of the heart, and the systemic level of hormone (Tuunanen et al., 2006a) , etc. Approximately 60%-70% of the ATP requirement is met by the catabolism of FAs via β-oxidation, the tricarboxylic acid cycle, and oxidative phosphorylation in the mitochondria (Rosca and Hoppel, 2010) . During the postprandial period and during exercise, the relative contribution of glucose catabolism increases and produces approximately 10%-40% of ATP (Abozguia et al., 2006) . About 60%-70% of ATP hydrolysis fuels contractile shortening, and the remaining 30%-40% is primarily used for ion pumps (Nagoshi et al., 2011) . The metabolisms of FAs and glucose are highly coupled in myocytes, with an increase in FAs metabolism causing a decrease in glucose metabolism, and vice versa. This high coupling was termed as "Randle cycle" in Randle et al. (1963) .
Fetal metabolic phenotype
In CHF, the recognition concerning substrate utilization has not reached a consensus. One prevalent view supported by experimental (Recchia et al., 1998) and most clinical (Dávila-Román et al., 2002; de las Fuentes et al., 2003) studies is the "reversion to the fetal metabolic phenotype" (Rajabi et al., 2007; Turer et al., 2010) . The essence of reversion is a shift from a FAs metabolism to a glucose metabolism in failing myocardia, which is analogous to the metabolic behavior of the fetal heart. In utero, where oxygen tension is low and insulin levels are relatively high, glucose metabolism is the predominate source of myocardial fuel (Turer et al., 2010) . In addition, the reversion might involve the expression of some fetal genes (Finck and Kelly, 2006; Dillon et al., 2012) .
Features and mechanisms of the decline of FAs metabolism
The decline of FAs metabolism could be explained by some hypothesis. FAs provide the highest energy (ATP) yield per molecule of FAs through β-oxidation (Nagoshi et al., 2011) . However, glucose metabolism has a greater efficiency in producing high energy phosphates (Rosano et al., 2008; Nagoshi et al., 2011) . In other words, for an equivalent amount of ATP synthesized, the FA oxidation requires approximately 10%-15% more oxygen compared to that of the glucose oxidation (Abozguia et al., 2009) . Consequently, the improvement of metabolic efficiency by the shift is considered to be adaptive (Nagoshi et al., 2011) . Its mechanism may include:
1. The number and size of mitochondria are decreased, and their functions are impaired (Turer et al., 2010) .
2. Depression of some genes (Razeghi et al., 2001) encoding the FAs metabolism and downregulation of their corresponding transcription factors (Huss and Kelly, 2005) . Some of them widely studied are: (1) the peroxisome proliferator-activated receptor (PPAR) family (Finck and Kelly, 2006; Dillon et al., 2012) , which comprises three isoforms, PPARα, PPARβ, and PPARγ. All three isoforms affect the cardiac lipid metabolism, but the primary regulator appears to be PPARα (Karbowska et al., 2003) , which controls the expression of enzymes directly involved in FA oxidation (Neubauer, 2007) . Deletion of PPARα in mice results in decreased FA oxidation and increased glucose oxidation in the heart (Arany et al., 2005) . (2) PPARγ coativator-1 (PGC-1) proteins family (Rowe et al., 2010) . PGC-1 enhances the activity of transcription by binding with PPAR. Three important members of PGC-1 are PGC-1α (Sihag et al., 2009) , PGC-1β, and PGC-1-related coactivator (PRC). Sihag et al. (2009) observed a significant decrease of PGC-1α in human failing hearts. Deletion of PGC-1α and/or PGC-1β results in decreased expression of proteins in oxidative phosphorylation, and increased expression of foetal metabolicgenes (Lai et al., 2008) . (3) The retinoid X receptor-α(RXRα) (Lionetti et al., 2011) . In fact, PPARα/RXRα/PGC-1α forms as a heterotrimer, the transcriptional activation complex. When activated by long-chain FAs, the heterotrimer is able to bind specific responsive elements regulating the expression of genes that encode enzymes involved in FA oxidation (Lionetti et al., 2011) .
Carnitine palmitoyltransferase type 1 (CPT-1) and medium chain acyl-CoA dehydrogenase (MCAD) were noteworthy enzymes. The former is a key rate-limiting enzyme responsible for transferring acyl-CoA into mitochondria (Martin et al., 2000) . The latter is one of the enzymes of FA β-oxidation. Some studies reported in heart failure models the decline of the protein levels of PPARα/RXRα/PGC-1α (Karbowska et al., 2003; Sarma et al., 2012) , as well as the suppressed expression of CPT-1 (Sihag et al., 2009; Karamanlidis et al., 2010) and/or MCAD (Riehle and Abel, 2012) . These changes in the cellular and molecular levels were considered as potential mechanisms for the decline of FAs metabolism (Fig. 1). 
Mechanisms of incline of glucose metabolism
The incline of glucose metabolism is supposed to be a reaction to the decrease of FA oxidation. Its mechanism involved adenosine monophosphateactivated protein kinase (AMPK) (Beauloye et al., 2011) that is considered as the 'fuel gauge' of the cell, sensing states of low energy and activating practically all energy-producing processes (Doenst and Abel, 2011) . Impaired myocardial energetics resulted from the decrease of FA oxidation triggers AMPK, which promotes the translocation of the glucose transporters (GLUTs) onto the plasma membrane and enhances glucose uptake (Kolwicz and Tian, 2011) . In addition, AMPK stimulates phosphofructokinase 2 (PFK2), which generates fructose-2,6-diphosphate acting as a potent allosteric stimulant of the rate-limiting enzyme, PFK1 (Marsin et al., 2000) . This partially explains that inclined glucose metabolism mainly manifests in other catabolic pathways (e.g., glycolysis) instead of glucose oxidation (Kolwicz and Tian, 2011) (Fig. 1). 
Non-fetal metabolic phenotype
Characteristics of substrate utilization
It is crucial to recognize that the concept of fetalmetabolic phenotype has not been observed in all studies of CHF. Some other studies reported opposite results: up-regulation of FAs metabolism and downregulation of glucose use in failing myocardium-the non-fetal metabolic phenotype (Paolisso et al., 1994; Taylor et al., 2001 ).
Potential causation
The phenomenon of a shift towards FAs metabolism might be associated with two general metabolic backgrounds in CHF: the hyperadrenergic state and insulin resistance. The compensatory hyperadrenergic state that develops in CHF promotes the degradation of adipose tissue elevating the blood FA. These excess circulating FAs block the uptake of glucose by muscle (Opie and Knuuti, 2009 ). Excess FAs can also cause abnormalities of mitochondrial function, including excessive formation of reactive oxygen species (ROS) (Tsutsui et al., 2011) and oxygen wastage (Opie and Knuuti, 2009 ). The high levels of plasma FAs activate uncoupling protein-2 and -3 (UCP-2 and -3) (Hesselink and Schrauwen, 2005) which descend the gradient of proton in the mitochondria and cause oxygen wastage (Fig. 2) .
Insulin resistance is prevalent in CHF and its potential mechanisms (Petersen and Shulman, 2006; Tuunanen and Knuuti, 2011) contain: chronically increased sympathetic nervous system (SNS) activity which leads to decreased insulin secretion, insulin responsiveness, and skeletal muscle blood flow. In addition, loss of skeletal muscle mass and sedentary lifestyle of the CHF patient might reduce insulin sensitivity. No matter what the hyperadrenegic state or insulin resistance might cause descent of the glucose metabolism (Fig. 2) .
Metabolic capability
Metabolic capability means changes in the energy-producing processes of the myocardium under conditions that directly or indirectly lead to CHF (Doenst and Abel, 2011) . As mentioned above, in different conditions, such as various CHF etiologies, different clinical staging, and metabolic backgrounds, the characteristics and mechanisms of the availability of metabolic substrate are diverse. Nonetheless, the following ideas, which reflect the myocardial metabolic capability, have been proposed beyond the one-sided emphasis on the shift of substrate utilization in CHF.
Metabolic extremes
Metabolism intervened by humans, either as fuel overabundance or absence, can cause lipotoxicity or glucotoxicity, both of which are adverse for the failing heart and lead to contractile dysfunction (Taegtmeyer and Ballal, 2006; Turer et al., 2010) . In other words, both glucose and FA oxidation are required for optimal function of the failing heart, 
Fig. 2 Mechanism of non-fetal metabolic phenotype
The decline of glucose metabolism and the incline of FAs metabolism which is supported by clinical studies of acipimox (a nicotinic acid derivatives with profound anti-lipolytic effects and can progressively decrease in the plasma level of FAs). Acipimox was hypothesized to enhance myocardium glucose metabolism and cardiac function by decreasing FAs metabolism (Tuunanen et al., 2006b) . However, this drug was found to be associated with a significant fall in cardiac work and efficiency. One possible explanation is the fact that although FA oxidation is reduced in the failing heart, it still represents a critical source of energy and its further inhibition by an aggressive pharmacological treatment would necessarily cause a functional derangement (Lionetti et al., 2011) .
Metabolic flexibility
The healthy heart considered as a substrate omnivore has an ability to respond to a changing workload, substrate availability, circulating hormones, coronary flow, and fuel metabolism by choosing the right substrate at the right moment (Murray et al., 2007; Turer et al., 2010; Ventura-Clapier et al., 2011) .
Metabolic inflexibility
Metabolic inflexibility means that the altered energy system of myocyte attenuates flexibility of the metabolism. Namely, failing myocyte lacks the metabolism ability to deal with hemodynamic stress (Yan et al., 2009; Vadvalkar et al., 2013) .
Evidences from pharmacological treatment
Trimetazidine and L-carnitine
Trimetazidine, inhibitors of FAs β-oxidation, is a partial inhibitor of the terminal enzyme in β-oxidation long-chain 3-ketoacyl thiolase. Several studies have shown that trimetazidine is well tolerated in CHF patients. Results generally support either a trend or significant improvement in the LV ejection fraction concomitant with a reduction in constraction (Sisakian et al., 2007; Zhang et al., 2012) .
In contrast, L-carnitine is a naturally occurring essential cofactor of FA metabolism and is synthesized endogenously or obtained from dietary sources. A systematic review and meta-analysis of 13 controlled trials (n=3629) was conducted to determine the effects of L-carnitine vs. placebo or control on mortality, CHF, etc. Compared with the placebo or control, L-carnitine can significantly reduce these outcome events (Dinicolantonio et al., 2013) . Obviously, substrate utilizations of the two drugs are just the opposite; however, they can also improve the prognosis of CHF, which in itself indicates that the choice of substrate may not be important. The critical issue could be the metabolic capability. The application of thiamin in CHF may provide some clues in this regard.
Thiamin
Thiamin plays an important role in the reaction of the central pathway for energy production. It is a catalyst in the reactions of pyruvate to acetyl CoA and α-ketoglutarate to succinyl CoA in the Krebs cycle and functions as a coenzyme with transketolase. A 2-carbon unit from α-ketose is transferred to an aldose by transketolase in the pentose phosphate pathway (Wooley, 2008) . A cross-sectional study reported that 33% of hospitalized patients with CHF have erythrocyte thiamin pyrophosphate levels suggestive of thiamin deficiency (Hanninen et al., 2006) . It is possible that thiamin deficiency, by limiting the metabolic capability, might contribute to myocardial dysfunction. Previous thiamin supplementation trials in patients with CHF have reported significant improvements in the cardiac function (Azizi-Namini et al., 2012) . In addition to thiamin, there are many targets that can affect the metabolic capability. By interfering with them, we need to see whether we can improve these outcomes for the patients with CHF, which remains to be researched in the future.
In addition to thiamin, there are some indicators that have been proposed for evaluating or affecting the metabolic ability. In human heart failure caused by dilated cardiomyopathy (DCM), both PCr and ATP are significantly reduced (Beer et al., 2002) . Meanwhile, the myocardial PCr-to-ATP ratio, measured noninvasively with 31P-MR spectroscopy, offers significant independent prognostic information on cardiovascular mortality in patients with DCM (Neubauer et al., 1997) .
Conclusions
In the early phases of CHF, there is a shift towards carbohydrate utilization from FA oxidation. Along with the progress of the disease, increasing levels of hyperadrenergic state and insulin resistance cause the opposite changes that shift back to greater FA uptake and oxidation, and lower glucose metabolism. In the advanced cases of severe CHF, there are obvious reductions in both FA oxidation and carbohydrate utilization (Neubauer, 2007; Rajabi et al., 2007; van Bilsen et al., 2009; Turer et al., 2010; Tuunanen and Knuuti, 2011) . However, improvements in the metabolic capability and efficiency are likely to be more significant than the selection of the substrate (Kolwicz and Tian, 2011; Lionetti et al., 2011) . Nevertheless, there are still fundamental gaps in knowledge including whether observed shifts in cardiac substrate utilization are adaptive or maladaptive, causal or an epiphenomenon of CHF, whether we can improve these outcomes for the patients with CHF by interfering with metabolic capability (Turer et al., 2010) . More studies, especially long-term large sample experiments, are warranted to clarify these observations.
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